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ABSTRACT
We have analyzed a ∼130 ks XMM-Newton observation of the dynamically confirmed black hole +
Wolf-Rayet (BH+WR) X-ray binary (XB) IC10 X-1, covering ∼1 orbital cycle. This system experi-
ences periodic intensity dips every ∼35 hours. We find that energy-independent evolution is rejected
at a >5σ level. The spectral and timing evolution of IC10 X-1 are best explained by a compact disk
blackbody and an extended Comptonized component, where the thermal component is completely
absorbed and the Comptonized component is partially covered during the dip. We consider three
possibilities for the absorber: cold material in the outer accretion disk, as is well documented for
Galactic neutron star (NS) XBs at high inclination; a stream of stellar wind that is enhanced by
traveling through the L1 point; and a spherical wind. We estimated the corona radius (rADC) for
IC10 X-1 from the dip ingress to be ∼106 km, assuming absorption from the outer disk, and found
it to be consistent with the relation between rADC and 1–30 keV luminosity observed in Galactic NS
XBs that spans 2 orders of magnitude. For the other two scenarios, the corona would be larger. Prior
BH mass (MBH) estimates range over 23–38 M⊙, depending on the inclination and WR mass. For
disk absorption, the inclination, i, is likely to be ∼60–80◦, with MBH ∼24–41 M⊙. Alternatively, the
L1-enhanced wind requires i∼80◦, suggesting ∼24–33M⊙. For a spherical absorber, i∼40
◦, and MBH
∼50–65 M⊙.
Subject headings: x-rays: general — x-rays: binaries — stars: black holes — stars: Wolf-Rayet
1. INTRODUCTION
IC10 X-1 is a dynamically confirmed black hole (BH)
+ Wolf-Rayet (WR) binary, which exhibits ∼35 hour pe-
riodic modulation in the X-ray and optical lightcurves
(Prestwich et al. 2007; Silverman & Filippenko 2008);
the likely association between the BH and WR was first
reported by Clark & Crowther (2004). Its mass func-
tion is 7.6±1.3 M⊙, giving a BH mass ∼23–38 M⊙ for
the likely range in WR mass and system inclination
(Silverman & Filippenko 2008).
IC10 X-1 was previously observed by XMM-Newton in
2003. Wang et al. (2005) reported large intensity vari-
ation over ∼10 ks: a factor of up to ∼6 in the 0.5–2.0
keV band, and a factor 4 in the 2.0–7.5 keV band; they
suggested that this could be due to an eclipse by the
companion star. They found that the emission spec-
trum was well characterised by a multi-temperature disk
blackbody, and rejected a simple power law model; the
observed 1.18±0.02 keV inner disk temperature was con-
sistent with a black hole binary in its thermal dominant
state (Remillard & McClintock 2006). However, this fit
required a metalicity <0.01 Solar because Solar abun-
dance models failed to provide acceptable fits. They
inferred a BH mass of ∼4 M⊙ for a non-spinning BH,
and a mass ∼6 times greater for a rapidly spinning BH.
Wang et al. (2005) attempted to compare the spectra in
and out of the eclipse, but there were too few counts to
observe any significant differences.
IC10 X-1 was also observed several times with Chandra
and Swift, leading to the discovery of its orbital period
(Prestwich et al. 2007). The 0.3–10 keV lightcurve of
IC10 X-1 exhibits deep, periodic intensity dips that have
been interpreted as eclipses by the WR; however, the full
dip profile had never previously been seen.
IC10 X-1 was observed with XMM-Newton for
∼130 ks, equivalent to ∼1 orbital cycle, in 2012
June (ObsID 0693390101003, PI T. Strohmayer).
Strohmayer & Pasham (2013) found the intensity dip to
be asymmetric, with ingress and egress times of ∼3.3 and
4.6 hours, with a maximum eclipse lasting ∼5.2 hours.
Additionally, they found ∼7 mHz quasiperiodic oscilla-
tions (see also Pasham et al. 2013).
Such evolution, with the egress substantially longer
than the ingress, is highly reminiscent of the behav-
ior observed in the high inclination Galactic neutron
star binaries known as the dipping sources (see e.g.
Parmar et al. 1986). It is possible that IC10 X-1 ex-
periences similar processes, and we therefore present a
brief review of the Galactic dipping sources. When dis-
cussing these systems, the term “eclipse” is reserved for
energy-independent occultation by the companion star;
the energy-dependent photo-electric absorption by other
material is referred to as “dipping”, and individual events
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are called “dips”. However we note that HMXBs such as
Vela X-1 can also exhibit such asymmetric lightcurves
due to asymmetries in the wind.
It is of fundamental importance to determine whether
this intensity modulation is energy-dependent or not;
energy-dependent dipping cannot be due to occultation
of the X-ray source by the star itself.
1.1. Dipping NS XBs in our Galaxy
Around 10 Galactic low mass X-ray binaries (LMXBs)
exhibit periodic intensity dips in their X-ray lightcurves
on the orbital period. This behavior is caused by pho-
toelectric absorption of X-rays by cold material in the
outer accretion disk, such as the bulge where the ac-
cretiion stream collides with the disk (White & Swank
1982). The spectral evolution during dipping is well un-
derstood as the progressive covering of a point-like ther-
mal component (from the NS) and an extended Comp-
tonized component by an extended absorber (see e.g
Church & Balucinska-Church 1995; Barnard et al. 2001;
Smale et al. 2001). The thermal component sees little
additional absorption until the covering fraction of the
Comptonized component reaches ∼50%; then the ab-
sorption of the thermal component jumps to very large
values (see e.g. Barnard et al. 2001; Smale et al. 2001,
2002). We note that some dipping sources exhibit shal-
low “shoulders” on either side of the dip; these are
energy-independent and consistent with electron scat-
tering by the ionized outer region of the absorber (e.g.
Smale et al. 2001, 2002).
4U1624−49 is a Galactic dipping source with or-
bital period ∼21 hours that does not exhibit eclipses.
Its ∼1–10 keV lightcurve from the 1985 March 25
Exosat observation exhibited flat-bottomed dipping
(Church & Balucinska-Church 1995) that strongly re-
sembles the “eclipses” observed in the 0.3–10 keV XMM-
Newton lightcurve of IC10 X-1. However, RXTE obser-
vations of 4U 1624−49 exhibit no signs of dipping above
15 keV (Smale et al. 2001). It is therefore possible that
the periodic intensity dips observed in IC10 X-1 could be
caused by material in the outer accretion disk instead of
the donor star. In some cases, the duration of dipping
can be extremely high: the transient, eclipsing, Galac-
tic NS XB EXO 0748−676 suffered dipping for &70% of
the orbital cycle during a 1993 May ASCA observation
(Church et al. 1998).
One common property of the absorption features in
dipping sources is that the egress is shallower than the
ingress (and Strohmayer et al. 2013 noted this prop-
erty in the IC10 X-1 lightcurve). Since the thermal
and non-thermal components of the dipping sources suf-
fer increased absorption at different rates during dip-
ping, it is clear that the ingress is caused by a change
in covering fraction, rather than a change in the den-
sity of the absorber. It is therefore possible to esti-
mate the scale of the Comptonized region (i.e. the
corona). Church & Balucin´ska-Church (2004) estimated
the corona sizes for 5 dipping sources with 1–30 keV lumi-
nosities ∼ 3× 1036–1.4× 1038 erg s−1 using the following
approximation:
2pirAD
P
=
2rADC
∆t
, (1)
where P is the orbital period, ∆t is the ingress time,
rAD is the radius of the accretion disk, and rADC is the
radius of the disk corona. Church & Balucin´ska-Church
(2004) estimated rAD to be 80% of the Roche lobe equiv-
alent radius, rL1, based on values 0.74–0.84rL1 from the
simulations of Armitage & Livio (1996) and 0.9rL1 from
Frank et al. (2002). The radius of a sphere with vol-
ume equivalent to the Roche lobe of the accretor, rL1,
was calculated from the following expression derived by
Eggleton (1983) (accurate to 1%):
rL1 =
0.49a (M1/M2)
2/3
0.6 (M1/M2)
2/3 + ln
[
1 + (M1/M2)
1/3
] , (2)
where a is the binary separation, andM1 andM2 are the
masses of the accretor and donor respectively.
Church & Balucin´ska-Church (2004) found corona
radii ∼20,000–700,000 km (∼10–60% of the disk, with
15% typical); they also found that rADC ∝ L
0.88±0.16
1−30
with 99% confidence. They presented evidence that rADC
is comparable to the Compton radius, i.e. the maximum
radius for hydrostatic equilibrium; this radius is expected
to increase with luminosity because the electron temper-
ature is reduced by the higher flux of soft photons.
More recently, the extended corona model was used to
explain the odd dipping behavior exhibited by Cygnus
X-2, where the blackbody component is unaffected
(Ba lucin´ska-Church et al. 2011). Cygnus X-2 was si-
multaneously observed in radio, optical and X-ray with
XMM-Newton, Chandra, and the European VLBI Net-
work, and a combination of CCD and grating spec-
troscopy was used to probe the dip evolution. The
blackbody emission was unaffected by these dips, while
∼40% of the Comptonized component from the extended
corona suffered extra absorption equivalent to 3×1023 H
atom cm−2. The dips occured at phase 0.35 in the orbital
cycle, opposite the bulge where the accretion stream im-
pacts the disk; Ba lucin´ska-Church et al. (2011) demon-
strated that such material viewed at inclinations >60◦
could cover large parts of the corona without reaching
the NS.
Schulz et al. (2009) found independent evidence for ex-
tended coronae in NS LMXBs from Chandra grating
spectroscopy of Cygnus X-2. They examined several
emission lines between 1.5–25A˚ with the high energy
transmission grating. These emission lines were observed
at rest, and had widths between 1120 and 2730 km s−1;
these corresponded to a corona radius ∼20,000–110,000
km.
One model describing such a system is that of
Haardt & Maraschi (1993), where the hot corona is
coplanar with the cold accretion disk; photons from the
cold disk feed the corona, while high energy photons from
the corona heat the disk. Indeed XMM-Newton observa-
tions of several bright extra-galactic X-ray binaries have
revealed spectra that strongly prefer models where the
Comptonized component dominates the low-energy spec-
trum to models where the thermal component dominates
(Barnard 2010; Barnard et al. 2011, 2013).
We note that Boirin et al. (2005) suggested an alter-
native explanation for dipping after discovering absorp-
tion lines in XMM-Newton observations of 4U1323−62
that grow stronger during dipping. They proposed that
variations in the continuum and absorption lines could
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be produced by using a warm, highly-ionized absorber;
their model does not require partial covering, or an
extend corona. Boirin et al. (2005) were able to get
acceptable fits to individual spectra of 4U 1323−62 at
different stages of dipping. However, Dı´az Trigo et al.
(2006) examined XMM-Newton observations of several
other Galactic dipping LMXBs, fitting different stages
of dipping simultaneously; they quote best fits with
χ2/dof =1.15–1.3, but the many degrees of freedom
(720–1340) meant that the fits were formally unac-
ceptable, and it is unclear whether this is due to the
model or uncertainties in calibration etc.. Furthermore,
the warm absorber model cannot account for the dip-
ping in Cygnus X-2 where the blackbody is unaffected
(Ba lucin´ska-Church et al. 2011). The discovery of a
highly-ionized absorbing region in dipping XBs is very
interesting; however, the warm absorber model is not a
credible replacement for partial covering. While we are
unlikely to see such features in IC10 X-1 from the disk, it
is possible that the warm WR wind may act in a similar
way.
1.2. Possible scenarios for IC10 X-1
One substantial difference between IC10 X-1 and the
dipping LMXBs is that the donor is a Wolf-Rayet rather
than a Roche lobe-filling low mass star. Prestwich et al.
(2007) showed that the WR could not be Roche lobe fill-
ing, and expected only a tenuous accretion disk from the
stellar wind. Such a tenuous disk may not support the
extended corona or the substantial absorber observed in
the Galactic NS dipping sources. However Barnard et al.
(2008) proposed that IC10 X-1 contains a substantial
accretion disk that is fed by the WR wind rather than
Roche lobe overflow.
The BH HMXBs Cygnus X-1, LMC X-1, and LMC X-3
have longer orbital periods than IC10 X-1, yet their X-
ray spectra still exhibit substantial disk emission (see e.g.
Remillard & McClintock 2006, and references within);
LMC X-3 is powered by Roche lobe overflow, but Cygnus
X-1 and LMC X-1 are likely powered by a wind-fed disk,
and IC10 X-1 is too.
We note that the X-ray emission from Galactic NS
HMXB Vela X-1 is dominated by 2-3 power laws with
the same photon index but with different normaliza-
tions and column densities; this is interpreted as di-
rect emission from the neutron star as well as a scat-
tered component from free electrons in the wind; Vela
X-1 exhibits eclipses on a ∼9 day period, and some
direct emission is still seen during eclipse (see e.g.
Sako et al. 1999; Mart´ınez-Nu´n˜ez et al. 2014, and refer-
ences within). Since IC10 X-1 has a very strong wind,
it is possible that some of its emission is scattered also.
Vela X-1 also exhibits strong fluorescence line emission,
as well as recombination lines and continuum emisssion
from highly ionzed gas (Sako et al. 1999), which we are
unlikely to detect in IC10 X-1.
We consider three scenarios in this work that could
produce the observed lightcurve: energy-independent oc-
cultation by the donor star, energy-dependent absorp-
tion from structure in a substantial disk, and energy-
dependent absorption from the stellar wind. The lat-
ter two scenarios are indistinguishable from the X-ray
data, so our spectral analysis only considers energy-
independent vs. energy-dependent evolution.
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Figure 1. 0.3–10 keV background-subtracted, unfiltered pn
lightcurve of IC10 X-1 (black), compared with the background
lightcurve (gray). These lightcurves have 100 s binning. The solid
and dashed lines indicate the intervals included in the non-dip and
dip spectra respectively.
2. OBSERVATIONS AND DATA ANALYSIS
IC10 X-1 was observed by XMM-Newton on 2012 Au-
gust 18 for ∼130 ks (Obs ID 0693390101003, PI T.
Strohmayer). We analyzed these data with the XMM-
Newton Software Analysis System (SAS) version 13.0.0.
Substantial background flares occurred near the begin-
ning and end of the observation (Pasham et al. 2013);
we identified these events by extracting a 10–12 keV
lightcurve with PATTERN==0 and FLAG==0, and
highlighting intervals with pn intensities >0.4 count s−1.
We extracted source and background spectra from the
pn instrument, and analyzed these spectra with XSPEC
version 12.8.1. These spectra were grouped to a mini-
mum of 20 counts per bin. The background was accu-
mulated from a circular region of empty sky on the same
CCD as the source region. Since the intensity dips are
thought to be caused by absorption, we simultaneously
fitted non-dip and dip spectra; the emission parameters
were the same for the non-dip and dip spectra, but free
to vary. Unfortunately, we were unable to fit the ingress
or egress because the timescale of spectral evolution is
significantly shorter than the exposure time required for
good spectra.
We used the abund command in XSPEC to spec-
ify a metalicity 0.15 times Solar (appropriate for IC10,
see Lequeux et al. 1979; Bauer & Brandt 2004), assum-
ing the Solar abundances reported by Lodders (2003).
However, XSPEC does not allow us to specify a Solar-
metalicity foreground absorber when the abundance is
set this way; the Galactic foreground absorption is trans-
lated into some portion of the measured low-metalicity
absorption.
3. RESULTS
In Figure 1 we present the background-subtracted 0.3–
10 keV pn intensity lightcurve of IC10 X-1 (black), and
the background lightcurve in gray for comparison. Hori-
zontal lines represent the intervals used when extracting
spectra: the solid line represents the non-dip interval
(90,000-110,000 s after T0), and the dashed line repre-
sents the dip interval (20,000–40,000 s after T0). The
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Figure 2. Left: XMM-Newton pn lightcurves of IX10 X-1 near the dipping interval in 0.3–1.0 keV and 4.0–10 keV bands. The lightcurves
have 1000 s bins. The minima are similar for the two energy bands, even though the 0.3–10 keV band is brighter outside the dip; hence
the dip appears to be energy-dependent. Right: Hardness ratio vs. time binned to 10000 s; the best constant hardness fit yielded χ2/dof
= 62/12, with a probability ∼ 2× 10−8.
non-dip spectrum yielded 9250 net source counts, while
the dip spectrum yielded 1150 net source counts.
Simultaneous fitting of the non-dip and dip spec-
tra allowed us to test different models for the spec-
tral evolution, which we discuss in turn. These dips
could be energy-independent if caused by the donor
star itself; alternatively they could be energy-dependent
absorption features due to structure in the outer ac-
cretion disk (as seen in the Galactic dipping sources,
e.g. Church & Balucinska-Church 1995; Barnard et al.
2001), or due to the dense stellar wind from the Wolf-
Rayet donor.
3.1. Comparing the low and high energy lightcurves
To test whether the absorption is energy-dependent,
we examined the low and high energy lightcurves. To
accomplish this, we created source and background
lightcurves in the 0.3–1.0 and 4.0–10 keV bands.
The left panel of Figure 2 shows the background-
subtracted 0.3–1.0 keV and 4.0–10 keV lightcurves from
the pn, binned to 1000 s. The right panel shows the
hardness ratio defined by 4.0–10 keV intensity divided
by 0.3–1.0 keV. The best fit value for a constant hard-
ness ratio yielded χ2/dof = 62/12. This has a good fit
probability ∼ 2 × 10−8, and is rejected at a 5.6 σ level.
Therefore, the absorption cannot be simple occultation
by the WR, and must come from a lower-density region
such as the bulge in the outer accretion disk, or from the
WR wind.
3.2. Spectral analysis
We tested a series of spectral models by simultane-
ously fitting non-dip and dip data (as defined above),
with only the absorption free to vary. All of our spec-
tral models include line-of-sight absorption, NH , and a
partial covering component (PCF in XSPEC) that is de-
scribed by the amount of absorption, N cH, and the frac-
tion of the emission region covered, fc. For the non-
dip spectrum, N cH and fc are frozen at 0. The models
also include a disk blackbody component (DISKBB in
XSPEC), parameterized by inner disk temperature kTin,
and some sort of Comptonization component (SIMPL,
COMPTT, or PO— short for power law— in XSPEC).
We use the CFLUX convolution model to estimate the
0.3–10 keV intrinsic luminosity of each emission compo-
nent; we adopt a 715 kpc distance to IC10 (Kim et al.
2009), which is subject to ±10 kpc random uncertainties
and ±60 kpc systematic uncertainties.
3.2.1. Compact corona scenarios
We first consider a compact corona scenario (Model
I), where the emission consists of a disk black-
body and a Comptonized component, represented
by TBABS*(CFLUX*DISKBB+CFLUX*COMPTT) in
XSPEC. Many authors believe that the corona re-
sides inside the accretion disk, and can only access the
hottest photons at the inner edge of the disk (see e.g.
Roberts et al. 2005; Gonc¸alves & Soria 2006); hence, we
set the seed photon temperature of the COMPTT com-
ponent to the inner disk temperature of the disk black-
body component.
The best fit model yielded kTin = 0.133±0.010 keV,
with the COMPTT parameters unconstrained; NH =
6.2±0.6×1022 atom cm−2, N cH = 8.2±1.8 × 10
24 atom
cm−2, fc = 0.886±0.004, and χ
2/dof =420/427. Statis-
tically, this model is a good fit to the spectrum; however,
the inner disk temperature is very low, indicating a near
maximum retrograde spin for a black hole with mass ∼30
M⊙, which is possible but unlikely. The total 0.3–10 keV
luminosity for this fit is 1.8±0.7×1039 erg s−1, 47±18%
Eddington for a ∼30 M⊙ BH.
We next applied the SIMPL (Steiner et al. 2009) con-
volution model for Comptonization (Model II), where
a fraction of the thermal emission, fS is Comp-
tonized, and described by a power law with pho-
ton index Γ. The appropriate spectral model was
TBABS*PCF*CFLUX*SIMPL*DISKBB.
The best fit yielded kTin = 0.118±0.010 keV, Γ =
2.43±0.06, fS = 0.020±0.013; NH = 6.9±0.6×10
22
atom cm−2, N cH = 9.3±2.4×10
24 atom cm−2, fc =
0.886±0.004, and χ2/dof = 438/428. The results from
this model are very similar to those obtained with the
previous model, although the Comptonized component
is better constrained. Again, the low temperature makes
this scenario unlikely. The 0.3–10 keV luminosity is
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3.7±1.7×1039 erg s−1, i.e. 100±40% Eddington for a
∼30 M⊙ BH.
We note that since SIMPL is a convolution model, we
cannot treat the thermal and non-thermal components
separately. We are therefore unable to apply different ab-
sorptions to the thermal and Comptonized components.
This may explain why the best fit parameters resemble
those for Model I, even though SIMPL does not specify
a compact corona.
Finally we considered a compact corona model
that includes scattering from free electrons in the
wind (Model III). The XSPEC model used was
PCF*TBABS*(CFLUX*DISKBB+CFLUX*COMPTT)+
PCF’*TBABS’*(CFLUX*DISKBB+CFLUX*COMPTT),
with the seed temperature of the COMPTT component
linked with the inner disk temperature as with Model I.
The spectral shapes of the two components (i.e. inner
disk temperature, electron temperature, and opacity)
were the same for each component but free to vary; the
normalizations of each component were unconstrained.
This model fitted the spectra very well, which is per-
haps unsurprising given that it contained 4 emission
components and 11 free parameters: χ2/dof = 383/422.
However, the inner disk temperature (0.20±0.03 keV) in-
dicated a strong retrograde spin, as with previous models
with a compact corona. In Table 1 we present two values
each for the absorption, normalization and partial cov-
ering parameters, corresponding to the direct and scat-
tered emission respectively. We note that for the scat-
tered component, the thermal flux goes to zero, while
the Comptonized flux is higher than for the direct com-
ponent; this is probably an artifact caused by fitting the
high energy excess in the dip spectrum.
3.2.2. Extended corona models
Since the extended corona may have access to soft pho-
tons from the outer disk in addition to the harder pho-
tons at the inner disk (e.g. Haardt & Maraschi 1993),
the Comptonized component is decoupled from the ther-
mal component, and may be represented as a power law.
We explore two models for the extended corona scenario:
one where both components suffered the same absorp-
tion, and one with different absorption for the thermal
and Comptonized component. We modeled these scenar-
ios as TBABS*(TBABS′*CFLUX*DISKBB+
PCF*CFLUX*PO). The additional absorption suffered
by the thermal component, i.e. TBABS′, was frozen at
0 for the non-dip spectrum.
Forcing the disk blackbody and power law compo-
nents to experience the same absorption (Model IV)
yielded the following results: kTin = 1.49±0.15 keV,
Γ = 2.50±0.06; NH = 3.38±0.16×10
22 atom cm−2,
N cH = 640±170×10
22 atom cm−2, fc = 0.854±0.012;
χ2/dof = 468/428. Such a spectrum is entirely con-
sistent with a black hole in its steep power law state
(Remillard & McClintock 2006). The 0.3–10 keV lumi-
nosity for this model is 2.6±0.2×1038 erg s−1, ∼7% Ed-
dington for a ∼30 M⊙ BH.
Setting the in-dip blackbody absorption to 1026 atom
cm−2 and freely fitting the power law in-dip absorp-
tion (Model V) yielded kTin = 1.68±0.09 keV, and Γ
= 3.12±0.10; NH = 3.91±0.15×10
22 atom cm−2, N cH
=84±14×1022 atom cm2, fc = 0.846±0.008, and χ
2/dof
= 412/428. The 0.3–10 keV luminosity of this model is
3.7±0.3×1038 erg s−1, or ∼10% Eddington for a ∼30M⊙
BH.
This model yielded the best fit out of the constrained
models (good fit probability 0.71) and also believable
parameters for a BHC in the steep power law state
(Remillard & McClintock 2006); the high disk blackbody
temperature corresponds to a high positive spin, as seen
in McClintock & Remillard (2006). The folded and un-
folded spectra are presented in the left and right panels
of Fig. 3.
3.3. Summary of spectral results
We present a summary of the best fits from Models
I–V in Table 1. For each model we give the line-of-sight
absorption (NH), the disk blackbody temperature (kTin)
6 Barnard et al.
Table 1
Summary of spectral models I–V; for each model we give the line of sight absorption (NH); disk blackbody temperature (kTin) and
normalization; photon index (Γ), normalization and Comptonization where apropriate; and χ2/dof. For Model IV we give the power law
normalization of the nondip spectrum and the percentage scattered into the dip spectrum. The metalicity was set to 0.15 Solar, as
appropriate for IC10 X-1 (Lequeux et al. 1979; Bauer & Brandt 2004).
Model NH / 10
22 kTin / keV L
37
DBB
Γ L37
Comp
fS N
c
H
/ 1022 fc χ2/dof
Model I 6.2(6) 0.133(10) 150(70) ? 27.5(18) — 820(180) 0.886(4) 420/427
Model II 6.9(5) 0.118(11) 370(170) 2.43(6) — 0.020(13) 930(240) 0.886(4) 438/428
Model III 4.7(6)/19(5) 0.20(3) 180(90)/0(?) ? 8(2)/28(5) — 100(30)/> 104 0.873(8)/0.94(3) 383/422
Model IV 3.38(16) 1.49(15) 4.7(13) 2.50(6) 21.3(16) — 635(166) 0.854(12) 468/428
Model V 3.91(16) 1.68(9) 8.1(4) 3.12(10) 29(3) — 84(14) 0.847(8) 412/428
and 0.3–10 keV luminosity / 1037 erg s−1, the photon in-
dex (Γ) and 0.3–10 keV luminosity of the Comptonized
component, degree of Comptonization where applicable
(fS), plus the column density and covering fraction dur-
ing the dip (N cH and fc respectively). Unconstrained pa-
rameters are indicated by ’?’, and parameters that do
not apply to the model are indicated by ’—’. Numbers
in parentheses represent the 1σ uncertainties in the last
digit.
For the compact corona models (I–III), the emission
is dominated by the disk component, which is an extra
problem for Model II where the luminosity was near the
Eddington limit. For the extended corona models (IV–
V), the Comptonized emission dominates. Models I–III
yield extremely low inner disk temperatures (∼0.1–0.2
keV), indicating strong retrograde BH spin for a ∼30
MBH accretor. Such negative spin is unlikely, as only re-
cently has there been observational evidence for a small
minority of retrograd spins (see e.g. Steiner et al. 2013;
Morningstar et al. 2014; Middleton et al. 2014, and ref-
erences within); we note that Middleton et al. (2014)
studied a XMM-Newton observation of a M31 ULX (PI
R. Barnard); analysis of this spectrum revealed that the
while the spin is negative for a 10 M⊙ BH, it is positive
for a 17 M⊙ BH (their soft limit to the maximum BH
mass).
Model III (compact corona and disk emission scattered
by free electrons in the wind) yielded the best χ2/dof
(383/422). However, we do not favor this model for two
reasons. Firstly, the temperature (∼0.2 keV) is very low
for a ∼30 M⊙ BH, as discussed above. Secondly, the
thermal emission is absent from the scattered compo-
nent, while the Comptonized emission is stronger for the
scattered component than the direct component; this is
more likely to represent the high energy excess in the dip
spectrum than a real scattering component.
We conclude that the corona is most likely to be ex-
tended. If we set the absorption of the two emission
components to be the same (Model IV), the best fit
absorption = 6.4±1.7×1024 atom cm−2, with χ2/dof =
468/428. ∆χ2 = 56 with respect to Model V, a >6σ sig-
nificance for 7 degrees of freedom. Hence it is clear that
the two emission components suffer different amounts of
absorption, meaning that the dip evolution is most prob-
ably due to changes in the covering fraction rather than
a simple change in opacity.
We note that the background contributes ∼4% of the
non-dip spectrum and ∼20% of the dip spectrum. How-
ever, our results are not particularly sensitive to the
background; removing the background completely yields
χ2/dof =437/428 for Model V, with <1σ differences in
parameter values.
3.4. Estimating the size of the corona in IC10 X-1
We estimated the size of the corona from the
ingress, assuming that the absorber was located in
the outer accretion disk. To do this, we estimated
the disk radius to be 0.8rLBH for the BH (follow-
ing Church & Balucin´ska-Church 2004), i.e. 0.30–0.34a.
From Equation 1, we estimate the corona size to be
∼0.1a.
From Kepler’s third law, we estimate a to be ∼1.3–
1.5×1012 cm for the range of BH and WR masses dis-
cussed by Silverman & Filippenko (2008), and a corona
radius ∼1011 cm, a factor <2 times bigger than observed
in the Galactic dipping source 4U1624−49 at a 1–30 keV
luminosity ∼1038 erg s−1 (Church & Balucin´ska-Church
2004). The best fit 0.3–10 keV luminosity for IC10 X-1 =
3.7±0.3×1038 erg s−1, ∼0.1LEDD; the best fit 1–30 keV
luminosity is 1.47±0.06×1038 erg s−1, hence this corona
estimate is consistent with the empirical relation derived
by Church & Balucin´ska-Church (2004).
In Figure 4 we present the estimated corona
radius vs. 1–30 keV luminosity for IC10 X-1
and the five Galactic dipping NS XBs studied by
Church & Balucin´ska-Church (2004). The luminosities
and corona sizes were gleaned from that paper, but
the uncertainties and best fit were judged by eye;
Church & Balucin´ska-Church (2004) did not cite the un-
certainties for each point explicitly, but stated that the
uncertainties were in the range 10–30%. We set the 1σ
uncertainty in rADC for IC10 X-1 to 30%.
We note that the scale of the corona is strongly related
to the scale of the absorber, which is proportional to its
distance from the X-ray emission regions. We assume
that the absorbing material is located at the edge of the
disk; if it were instead located further in, for example
near the circularization radius, then the corona sizes of
IC10 X-1 and the Galactic dipping sources would all be
smaller by similar amounts. If the absorption is caused
by the WR wind, then the corona could be substantially
larger.
Galactic NS XBs can exhibit dipping due to mate-
rial in the outer disk for inclinations &60◦ (Frank et al.
1987). Furthermore, the minimum inclination for
eclipsing is >75–78◦ for WR masses 17–35 M⊙. If
we assume the best fit mass function obtained by
Silverman & Filippenko (2008), 7.64 M⊙, then the al-
lowed mass range for the BH in IC10 X-1 is ∼24–
41 M⊙ asssuming disk absorption with inclination 60–
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Figure 4. Estimated corona size (radc) vs. 1–30 keV luminosity
for IC10 X-1, as well as 5 Galactic dipping NS XBs: XB 1323−619,
XBT 0748−676, XB 1916−053, XB 1254−690, and XB 1624−490.
Some XBs contribute data from multiple observations. The line
represents the best fit to the NS XBs; this line and the uncertainties
in the NS corona radii were estimated by eye from Figure 2 of
Church & Balucin´ska-Church (2004).
78◦, slightly higher than the 23–38M⊙ range quoted by
Silverman & Filippenko (2008).
3.5. Comparison of the dip size with the donor
Strohmayer & Pasham (2013) estimated the deepest
dip to last 5.2 hr, with a 3.3 hr ingress and a 4.6 hr
egress, although the ingress was observed at the start
of the observation, when the background radiation was
high. These times correspond to ∼15%, 10%, and 14%
of the orbital period, with the total dip lasting ∼40% of
the orbital cycle. If the absorber is related to the sec-
ondary (either an eclipse or due to stellar winds), then
the maximum dip requires an absorber size ∼ a, and the
total dip needs ∼2.4a.
Silverman & Filippenko (2008) estimated the black
hole mass for a range of WR masses (17, 25, and 35
M⊙) and inclinations (65, 78, and 90
◦), and we calcu-
lated the Roche lobe radius for the WR (rLWR) for each
scenario. We found that rLWR ∼0.34–0.38a, hence the
Roche lobe is somewhat smaller than the maximum dip
(0.96a). The long egress would require a thick stellar
wind out to >3rLWR.
Clark & Crowther (2004) found that the WR optical
properties were well described by ∼85000 K emission
with a luminosity 106.05 L⊙, although other solutions
were also possible. If we assume that the WR is emitting
as a blackbody, then the optically thick part of the star
has a radius ∼0.6–0.75 rLWR. Therefore, the absence of
eclipsing rules out inclinations &75–80◦; a more massive
WR allows a higher inclination, because a increases with
the mass of the system. We note that it is possible for the
X-ray photosphere of the WR in IC10 X-1 to be substan-
tially larger than the optical photosphere (our spectra
see absorption equivalent to &2×1025 H atom cm−2 as
energy-independent); a larger photosphere would impose
tighter constraints on the maximum inclination.
The X-ray lightcurve of IC10 X-1 contrasts with that of
M33 X-7, another high inclination BH XB (Pietsch et al.
2006). In this case, the donor (36–49 M⊙) is ∼4–
6 times more massive than the BH for various incli-
nations. Pietsch et al. (2006) folded the 0.5–5.0 keV
lightcurves from several Chandra observations, revealing
a flat-bottomed dip where the minimum lasted ∼0.16 or-
bital cycles. Using Equation 2 we calculated the Roche
lobe radius for the M33 X-7 donor to be ∼0.5a; this is
entirely consistent with a true eclipse if the donor fills,
or nearly fills, its Roche lobe. The light curve also shows
scrappy dipping before the eclipse that may be due to an
accretion stream that flows through the L1 point; Cygnus
X-1 exhibits similar behavior (Ba lucin´ska-Church et al.
2000).
3.6. Considerations for windy absorber scenarios
The WR wind system in IC10 X-1 is expected to be
highly complex, and detailed modeling is well beyond the
scope of this paper. Clark & Crowther (2004) found the
observed properties of the WR to be well described by
a model where the mass loss rate is 4×10−6 M⊙ yr
−1.
This value is considerably higher than the accretion rate
required to power the observed X-ray luminosity of ∼
4×1038 erg s−1; if L= ηM˙c2, M˙ is the accretion rate, and
η is the efficiency (assumed to be 0.1), then M˙ ∼7×10−8
M⊙ yr
−1. Only ∼2% of the WR wind is required to
power the X-ray source.
Furthermore, the intense X-ray source is expected to
substantially alter the structure of the wind. A large
portion of the wind will be highly ionized; if the ion-
ization parameter, ξ, is calculated from ξ = LX/nd
2
where n is the wind density, and d is the distance
from the X-ray source (Tarter & Salpeter 1969), then ξ
∼1000 at the location of the WR star for reasonable pa-
rameters. However, the observed optical He line used
by Prestwich et al. (2007) and Silverman & Filippenko
(2008) to calculate the mass function shows that some
of the gas is neutral; perhaps this neutral material is in
the X-ray shadow of the WR. The ionization state of
the absorbing material will greatly impact its absorbing
signature.
The X-ray ionization also impacts the wind velocity,
because the winds are line-driven (see e.g. Castor et al.
1975). This complicates matters further, since the wind
density (therefore ionization state) is affected by its ve-
locity (Hatchett & McCray 1977). The fact that the WR
is in a close binary system with a Roche lobe radius
not much larger than WR radius complicates things yet
further; for instance, it is not even clear whether the
Galactic WR X-ray binary Cygnus X-3 contains a black
hole or a neutron star, because much of the line emis-
sion is dominated or contaminated by the wind (see e.g.
Hanson et al. 2000).
One thing we can do is examine the absorption in
the non-dip and dip spectra, and compare the differ-
ence with variations observed in other windy systems.
For our favored model (Model V, assuming metalic-
ity 0.15 Solar), NH = 3.91±0.16×10
22 atom cm−2 for
the non-dip spectrum, a factor ∼8 higher than the
Galactic Hi column density in the direction of IC10
in both the Dickey & Lockman (1990) survey and the
Leiden/Argentine/Bonn (LAB) Survey (Kalberla et al.
2005). The absorption during deepest dipping is
8.4±1.4×1023 atom cm−2. Hence the absorption varies
by a factor ∼20 over the orbital cycle.
We note that this is the equivalent column density for
neutral hydrogen; the WR wind in IC10 X-1 has little
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hydrogen, and is unlikely to be neutral. Therefore the
density of the ionized material needs to be substantially
higher than the NH equivalent to produce similar absorp-
tion. Such an ionized absorber is expected to produce ab-
sorption features similar to those seen in Galactic high in-
clination XBs (Boirin et al. 2005; Dı´az Trigo et al. 2006).
However, any such features in IC10 X-1 are beyond the
detection powers of current X-ray telescopes.
3.6.1. Comparison with the Galactic WR+BH binary
Cygnus X-3
Cygnus X-3 is the only Galactic WR + compact ob-
ject binary known (van Kerkwijk et al. 1996), although
Mason et al. (2012) claim that OAO 1657−415 either
has a WR donor already, or soon will have. Even to-
day the nature of the accretor in Cygnus X-3 is uncon-
firmed due to complications caused by the wind; the
evidence suggests a BH accretor, but is still consistent
with a NS (Zdziarski et al. 2013). Cygnus X-3 exhibits
a near sinusoidal X-ray lightcurve with a 4.8 hr period
(Davidsen & Ostriker 1974) that is considerably shorter
than that of IC10 X-1; it is also shorter than the period of
NGC300 X-1, the only other known BH+WR XB (∼33
hr Carpano et al. 2007). The absorption experienced by
Cygnus X-3 varies between ∼3×1022 and 2×1023 H atom
cm−2, assuming cold material with normal cosmic abun-
dances; the absorbing material appears to be symmetri-
cal around the donor star, i.e. asymmetrical with respect
to the X-ray source (Parsignault et al. 1972).
Zdziarski et al. (2010) proposed that the X-ray varia-
tion of Cygnus X-3 included Compton down-scattering
of the emission by a Thompson-thick, low temperature
plasma cloud. Zdziarski et al. (2010) noted that scenar-
ios such as a wind-fed circumbinary envelope, or outflows
from a disk are expected to be symmetrical around the
accretor, and would not result in the observed flux varia-
tion; instead they suggest that the absorption may come
from an inflated bulge where the stellar wind collides
with the accretion disk. They were unable to perform
formal fits, due to the complexity of the model, but were
able to reproduce observed spectra. With additional in-
formation from the power spectra, Zdziarski et al. (2010)
were able to estimate the size of the cloud to be ∼ 2×109
cm, with a temperature kT ∼3 keV and an optical depth
∼7.
The behavior exhibited by IC10 X-1 is strikingly differ-
ent to the proposed behavior of Cygnus X-3, in that the
high energy photons contribute a larger portion of the
total flux in the dip spectrum than in the non-dip spec-
trum. At high energies, the spectra are visibly converging
in Fig. 3; also the models with energy-independent ab-
sorption systematically underestimated the high energy
flux. An obvious difference between the two systems is
in the orbital periods: 4.8 hr vs. ∼34 hr; accordingly,
the accretor in Cygnus X-3 is likely to be embedded in
a considerably more dense wind than the BH in IC10
X-1. We note that if we assume cosmic abundances for
Model V, the non-dip absorption is just 7×1021 atom
cm−2, only 2×1021 cm−2 above the line-of-sight absorp-
tion (Dickey & Lockman 1990; Kalberla et al. 2005), and
a factor ∼15 lower than for Cygnus X-3.
3.6.2. Comparison with the ultra-luminous X-ray source
NGC5408 X-1
Extra-galactic X-ray sources are often described as
“ultra-luminous” if their luminosities are thought to be
too high for stellar mass black holes, and are unasso-
ciated with the galaxy nucleus. Some of these ultra-
luminous X-ray sources (ULXs) could be stellar mass
black hole binaries in an special ultra-luminous accretion
state (Gladstone et al. 2009), while others may contain
intermediate mass black holes (HLX1 in ESO 243-49 is
a good candidate, see Farrell et al. 2009).
Strohmayer (2009) analyzed twice-weekly Swift obser-
vations of the well-known ULX NGC5408 X-1 over a 485
day interval, and found evidence for orbital modulation
on a 115±4 day period. Their spectral modeling sug-
gested 0.3–10 keV luminosities up to ∼2×1040 erg s−1.
The modulation was energy-dependent with an ampli-
tude 0.24±0.02 below 1 keV and 0.13±0.02 above 1 keV;
they suggest that the system has a 115 day orbital period,
with a giant or supergiant donor. Strohmayer (2009) con-
sidered the possibility that a super-orbital period was
observed, but found it unlikey because it was shorter
than any such period observed in BH XBs to date. They
calculated the mean density for a Roche lobe-filling sec-
ondary to be 1.5×10−5 g cm−3, consistent with a giant
or supergiant ∼5 M⊙ donor and a 1000 M⊙ accretor.
However, this 115 day period was considerably weak-
ened when the Swift observations were extended to
∼1200 days; instead, sharp intensity dips were observed
on a ∼245 day period (Pasham & Strohmayer 2013;
Grise´ et al. 2013). Pasham & Strohmayer (2013) stud-
ied the phase distribution of the 27 observed dips as-
suming a 243 day period, which was consistent with
a Gaussian with FWHM 0.24 in phase. The Galac-
tic BH HMXB Cygnus X-1 exhibits short, energy-
dependent dips that are concentrated at phase ∼0.7
that is thought to be due to the stream of material
passing through the L1 point (Ba lucin´ska-Church et al.
2000), and Pasham & Strohmayer (2013) suggest that
NGC5408 X-1 could be exhibiting similar behavior, and
infer a high inclination (∼70◦), similar to that of IC10 X-
1. However, we note that Pasham & Strohmayer (2013)
found no evidence for energy dependent dips in the Swift
lightcurve of NGC5408 X-1. Furthermore, Pasham et al.
(2013) analyzed non-dip and dip spectra, and the dif-
ferences are consistent with a change in normalization
rather than in column density.
Pasham & Strohmayer (2013) favor an orbital period
∼245 days, but note that it could be super-orbital. How-
ever, (Grise´ et al. 2013) consider the ∼245 day period to
be super-orbital, as they find that the strongest peak in
their power spectrum is at ∼2.6 days, with other peaks
at 115 and 183 days. We note that the M31 globular
cluster XB Bo 158 (XB158) exhibits deep dipping on
a ∼10 ks period in some observations but not others,
demonstrating that the disk is precessing (Barnard et al.
2006); we found that the luminosity of Bo 158 varied
over ∼4–40×1037 erg s−1 during our ∼monthly Chandra
monitoring program, and suggested that this luminosity
variation was due to changes in accretion rate over the
disk precession cycle (Barnard et al. 2012). It is there-
fore possible that the dips observed in NGC5408 X-1 are
due to variations in accretion rate on the superorbital
cycle also.
A shorter orbital period would suggest a lower BH mass
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than the 1000 M⊙ assumed by Strohmayer (2009) and
Pasham & Strohmayer (2013). If NGC5408 X-1 exhib-
ited a coplanar, extended corona as suggested by our
modeling of IC10 X-1, then the observed luminosity of
∼ 1040 erg s−1 could be produced by the corona while
keeping the emission locally sub-Eddington. However,
we note that there is some evidence for a 1000 M⊙ BH
from the energy spectrum and quasi-periodic oscillations
exhibited by NGC5408 X-1 (see Strohmayer 2009, and
references within).
3.6.3. The effect of absorber geometry on BH mass
Another aspect to consider is whether the wind is
spherical or aspherical. Knowledge of the wind geometry
will constrain the inclination of the system, and therefore
the BH mass. When calculating the BH mass, we adopt
the mass function obtained by Silverman & Filippenko
(2008), and estimate the BH mass for the range of WR
masses used in that work.
The duration of the observed X-ray dipping suggests
that the absorber have a radius ∼3 rLWR, yet our spec-
tral modeling suggests that ∼10–15% of the emission is
completely unabsorbed in the deepest dipping. If the ab-
sorber were spherical, this would require either a low in-
clination (∼40◦) or electron scattering in the wind. Since
the non-dip and dip spectra converge at high energies (see
Fig. 3), the residual emission is unlikely to be dominated
by scattering.
Such a low inclination would suggest a BH mass ∼50–
65 M⊙ for a WR with mass 17–35 M⊙. A 65 M⊙ BH
is not impossible, if it was formed via direct collapse
of a metal poor, high mass star so that little mass was
lost during the main sequence lifetime (Belczynski et al.
2010). We note that Belczynski et al. (2010) cite IC10 X-
1 as an example of a star born in a galaxy with moderate
metalicity (they assume 0.3 Solar), with a BH mass that
is in good agreement with what they expect for such met-
alicities. Belczynski et al. (2010) found the maximum
BH mass to be ∼15 M⊙ for Solar metalicity, ∼30 M⊙
for 30% Solar, and ∼80 M⊙ for 1% Solar. We are unable
to simply interpolate the maximum mass for 15% Solar
metalicity, but it seems unlikely to be as high as 50–65
M⊙.
One possible cause for an aspherical WR wind is stel-
lar rotation. Harries et al. (1998) examined a popula-
tion of single WR stars, and found evidence that 20% of
the sample have flattened winds, using linear spectropo-
larimetry. Also, Hanson et al. (2000) suggested that the
wind of the donor in Cygnus X-3 is highly perturbed,
and may be consistent with the presence of a disk wind;
this may be in the orbital plane.
Another possible cause for asymmetrical absorption in
the wind would be the gas stream (as seen at phase 0.6
in Cygnus X-1, Ba lucin´ska-Church et al. 2000), so long
as the inclination is high enough. Blondin et al. (1991)
performed two dimensional simulations of such streams,
finding that density of the stream is enhanced by a factor
20–30; this is similar to the observed density variation in
IC10 X-1. Furthermore, the tidal stream would produce
stable absorption features that are fixed in phase, and
that last for a substantial portion of the orbital cycle,
again similar to IC10 X-1. While this scenario is appeal-
ing, there are two caveats. Firstly, Blondin et al. (1991)
assumed an inclination of 90◦ for their simulations; the
stream would likely have a reduced effect at lower incli-
nations. Secondly, the strength of the gas stream was
found to be strongly dependent on the separation, a, be-
tween the stars; the simulations covered separations of
1.5–1.7 stellar radii, while in IC10 X-1, the separation is
4–5 WR radii.
In order to avoid energy-independent eclipsing by
the WR, and yet still see a aubstantial stream,
the inclination would likely be ∼75–78◦. Using the
Silverman & Filippenko (2008) mass function and WR
mass estimates yields a BH mass ∼24–33 M⊙ for this
scenario.
4. DISCUSSION AND CONCLUSIONS
We have analyzed the spectral and temporal evolu-
tion of the BH+WR XB IC10 X-1, during a 130 ks
XMM-Newton observation. IC10 X-1 exhibits X-ray in-
tensity dips on a ∼35 hr orbital period, and we consid-
ered three scenarios: energy-independent eclipses, and
energy-dependent absorption from either material in the
accretion disk or the WR wind.
Analyzing the 0.3–1.0 keV and 4.0–10 keV lightcurves
showed the probability for a constant hardness ratio
(I4.0−10keV/I0.3−1.0keV) was ∼2×10
−8, rejected at a 5.6σ
level. Therefore, the intensity dips cannot be due to
simple occultation by the WR, and must come from a
lower-density region such as the outer accretion disk or
the WR wind. Our favoured results were obtained from
a model consisting of a disk blackbody component that
was completely removed during the dip, and a partially-
covered Comptonized component; a similar model has
been successfully applied to high-inclination NS XBs
in our Galaxy (see e.g. Church & Balucinska-Church
1995; Smale et al. 2001; Barnard et al. 2001; Smale et al.
2002).
One model for such a system is the two-phase accretion
disk proposed by Haardt & Maraschi (1993); in this sce-
nario, a coplanar, hot corona embeds the cold disk, and
is fed by cool photons from the disk while hot photons
from the corona heat the disk.
If we assume that the dip is caused by material in
the outer disk, then we may estimate the size of the
corona from the dip ingress; the thermal and Comp-
tonized emission regions in Galactic dipping sources
increase in absorption at different rates during dip
evolution, meaning that the ingress is a change in
absorbed fraction rather than a change in density
(see Church & Balucin´ska-Church 2004, and references
within). We estimate the corona size to be ∼106 km.
Remarkably, this result is consistent with the relation
found between corona size and 1–30 keV luminosity in
Galactic dipping NS XBs (Church & Balucin´ska-Church
2004); the 1–30 keV luminosity was 1.40±0.06×1038 erg
s−1. For this scenario the inclination is likely to be ∼60–
80◦, giving a BH mass ∼24–41 M⊙, which is slightly
larger than the current estimate.
If the absorption is due to the WR wind, then this wind
is unlikely to be spherical. A spherical wind would re-
quire an inclination ∼40◦, and a BH mass ∼50–65 M⊙;
however, Belczynski et al. (2010) found that the maxi-
mum mass for a stellar mass BH formed in a moderately
metal poor galaxy like IC10 to be ∼30 M⊙ (although
they assumed a metalicity ∼30% Solar). It is possible
that the absorption is caused by the gas stream that re-
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sults from part of the stellar wind flowing through the
L1 point. For this scenario, the inclination would need
to be as high as is allowed by the absence of energy-
independent eclipsing, ∼75–78◦. The BH mass would
therefore be ∼24–33 M⊙, within the current range. We
note that an absorbing wind would need to be consider-
ably larger than an absorber in the disk to produce the
same ingress and egress times, hence the corona would
be similarly larger.
While it is unclear whether the absorbing material orig-
inates in the accretion disk or WR wind, our results
provide hard evidence that IC10 X-1 has a substantial
extended corona. It would be capable of producing a
total luminosity that exceeds the Eddington luminosity
while remaining locally sub-Eddington. Therefore, many
ULXs could do this too. This would allow stellar mass
BHs to power many of the ULXs observed to date.
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